Abstract: Water systems planning and management share the same roots with gaming, as they rely on concepts in systems analysis, operations research and decision sciences. This paper focuses on Serious Games (those used for purposes other than mere entertainment), with applications in the area of water systems planning and management. A survey of published work on gaming is carried out with particular attention given to applications of Serious Gaming to water systems planning and management. The survey is also used to identify the principal criteria for the classification of Serious Gaming for water related applications, including application areas, goals, number and type of players, user interface, type of simulation model used, realism of the game, performance feedback, progress monitoring and game portability. The review shows that game applications in the water sector can be a valuable tool for making various stakeholders aware of the socio-techno-economic issues related to managing complex water systems. However, the critical review also indicates a gap that exists in the Serious Game application area with the lack of water distribution system games. A conceptually simple, but computationally elaborate new game for water distribution system analysis, design and evaluation (SeGWADE) is presented in this paper. It has a main goal of finding a least-cost design for a well-known benchmark problem, for which the game environment takes the computational and visualisation burden away from the simulation tool and the player. The game has been evaluated in a classroom environment in which a high degree of player engagement with the game was observed, due to its basic game ingredients and activities, i.e., challenge, play and fun. In addition, a clear improvement in learning has been observed in how players attempted to identify solutions that satisfy the pressure criterion with players readily identifying the proximity of the better solutions to the starting, infeasible configuration. Through applications of Serious Gaming such as this, decision makers can learn about the complexity of the water distribution system design problem, experiment safely using a computer model of a real system, understand conflicting objectives (i.e., minimization of cost and satisfaction of minimum pressure) and develop strategies for coping with complexity without being burdened by the limitations of the ICT technology at their disposal.
Introduction
Simulation and optimisation tools have been used extensively in water planning and management [1] [2] [3] . These computer modelling tools are used in various processes to support rational decision making and have their roots in systems analysis, operations research and decision sciences [4, 5] . The emergence of the above approaches have historically been linked to the experimental work by applied mathematicians and engineers aimed at supporting military operational planning during the Second World War.
Definitions

Serious Game
The notion of serious gaming was introduced by Abt [7] , who established how simulation games could be used for education, decision making and for public policy making. Since then, vast amount of literature has been produced on this topic and its various application areas, including educational, science, training, military, government, corporate, healthcare, water management, to name but a few [5, [8] [9] [10] . Similarly, various definition of a SG exists, but most agree that they are games used for purposes other than mere entertainment. The SG approach offers potentially transformative capabilities to strategic decision-support tools to provide better management of complex water systems compared to purely technical simulation or optimisation methods that have difficulty in capturing the socio-technical challenges of complex systems. The use of serious gaming in education and conflict resolution for policy making is by far the most common in the available literature. As conflicts are often encountered in water systems analysis, a definition of conflict resolution in the context of water systems decision making is offered next.
Conflict Resolution
Conflicts often arise in relation to water systems planning and management due to multiple economic, environmental and ecological objectives, as well as due to multitude of conflicting goals and views held by multiple stakeholders. Gleick [11] shows that through history water has been involved in conflict as: a political or military tool, a military target, an object of terrorism, part of a development dispute, and an object of control. Lund and Palmer [12] indicate that examples of these conflicts could include those between the early economic purposes of water development (flood control, agricultural and urban water supply, hydropower, and navigation), newer economic and social purposes (such as recreation and waste assimilation), and recent environmental objectives (such as endangered species). Computer modelling has been used extensively in helping stakeholders resolve various water related conflicts [4] . A concept of Shared Vision Planning [13] , which entails engaging stakeholders in developing and experimenting with interactive simulation models, has been an effective way of building consensus-a shared vision.
Shared Vision Planning
Palmer et al. [13] define shared vision planning (SVP) as a disciplined planning approach that combines traditional water resources planning methodologies with innovations such as structured public participation and the use of collaborative modelling, resulting in a more complete understanding and an integrative decision support tool. The SVP approach was developed over the years through a number of studies focusing on water systems policy planning and evaluation [13] . Two illustrative examples of these include the Lake Ontario-St. Lawrence River SVP Study [14] , and the USA National Drought Study SVP Application [15] . It will be shown later that ideas of SVP have been used in a few SG implementations where conflict resolution among different stakeholders is sought.
Objectives
The objectives of this paper are to: (i) carry out a survey of published work on gaming simulation and in particular on illustrative applications of Serious Gaming to water systems planning and management; (ii) identify the principal criteria for the classification of SG for water related applications; and (iii) provide an illustrative example of a Serious Game developed for water distribution system analysis, design and evaluation. These are complementary objectives aimed at informing the reader of the breadth of SG applications, synthesizing their main characteristics and providing an illustration of a new SG application in an area of water resources planning and management that has been missing in the SG literature.
The remainder of the paper is structured as follows. Section 2 presents an introduction to Serious Games for water systems planning and management. Section 3 presents a brief review of Serious Games for water applications and the following Section 4 introduces our proposed classification criteria towards a taxonomy for Water Serious Games. In Section 5, a Serious Game for Water Distribution System Analysis, Design and Evaluation (SeGWADE) is described. Finally, in Section 6, conclusions are drawn and directions for future work are suggested.
Serious Games in Water Systems Planning and Management
A number of serious games for water systems planning and management have been reported in the literature or can be found online (e.g., [16] [17] [18] ). This section reviews the representative work developed in this area, focusing on the main characteristics, which will lead to the development of classification criteria adopted later in this paper. The selected SG applications illustrate the breadth of water management subjects addressed and implementation approaches taken, provide examples of best practice and equally limitations of SG implementations, with a view of informing future SG application development and implementation.
Although not specifically developed with water systems management in mind, the SimCity™ video game series deals with city-building/urban planning decisions and incorporates elements of the urban water cycle into the game. SimCity™ is a game based on simulation of complex natural, technical and social systems and shares characteristics with Cellular Automata [19] and agent-based modelling [20] . The game represents water supply, treatment and distribution within the city with groundwater as the sole and unlimited source of water. D'Artista and Hellweger [21] criticised the limited representation of the urban hydrologic cycle, giving an example of groundwater pollution having unrealistically short response time. They further state that the functional relation of the various components is also unrealistic, e.g., there is no functional connection between water tower (elevated reservoir) and pump. Gaberdan et al. [20] also point out that the game has a very limited use for the special purpose of urban water management. They go on to propose how SimCity™ and its simulation engine GlassBox can be extended to include the most important processes of natural urban stormwater management.
A serious game project called Aqua Republica [22] , where a virtual world allows participants to develop a river basin and visualise the consequences of their decisions, has been developed by DHI [19] . The aim of the game is to: (1) promote sustainable water resources management by sharing knowledge; (2) raise awareness; and (3) build capacity in some of the most critical issues in water resources management. Aqua Republica combines a game layer with a simulation model, MIKE Hydro Basin [23] , for players to experience a role of a manager of an undeveloped river catchment. Chew et al. [24] present a tailored version of the online game for the pilot site in the Middle Olifants region in South Africa. The game starts with the watershed under a hypothetical scenario in year 2000, which implies a certain population, funds, food, energy and an unhealthy ecosystem. During each turn, the player has the possibility to make changes in the basin area, while trying to achieve a high basin sustainability score, which is evaluated using the simulation model. While the original Aqua Republica is played over 20 rounds, this version is reduced to 13 rounds to allow enough time for training, but also not to fatigue the participants unduly. The participants included a broad background of specialisation within the fields of water supply, ecology, mining and other industries, local, national and international politics and economy. Although the game has a sophisticated visual interface, it was not seen as a decision-making tool, but an educational aid for capacity building and complexity assessment. The feedback from the participants indicated that the game was not completely intuitive and players needed a few rounds to understand its concept.
Another example of a Serious Game implementation of a fictitious game, but being used for capacity building for transboundary cooperation relating to a real case study, has been given in [25] . The result is the Shariva (Shared River) game aimed at addressing the flood management and mitigation programme of the Mekong River Commission. The game was designed to create awareness and to upgrade knowledge amongst stakeholders and in developing procedures for cooperation in transboundary river basins. The Shariva game is introduced over three workshops (including the introduction to the problem and flood risk management, transboundary water conflict management and water governance, and technical tools to address transboundary issues, respectively). The actual game playing followed after that and involved a total of 28 riparian professionals from Cambodia (6), Lao PDR (7), Thailand (7) and Vietnam (8) coming both from government and non-government institutions. A hydrodynamic simulation model was used to assess the consequences (damage) of various transboundary policy implementations. The outcomes of the game were assessed with respect to two objectives: (1) creating awareness and upgrading knowledge; and (2) the design and review of procedures for addressing and resolving transboundary issues. The first one was assessed using before and after questionnaires, whereas the second one was evaluated using a SWOT (Strengths, Weaknesses, Opportunities and Threats) analysis. The results of the questionnaires showed varied levels of increase in knowledge gained and skills acquired across a number of areas, while the SWOT analysis showed that the key strength of the game is that it can support cooperation aimed at conflict resolution, while the main weakness is considered the amount of time needed to play.
Valkering et al. [26] and Van der Wal et al. [27] use a simulation game as a tool to explore possible future river management dynamics in the Netherlands with a view for developing and assessing policy-relevant climate adaptation pathways. The game deals with a virtual river stretch, representative of many low-lying river stretches in the Rhine delta of the Netherlands. Multiple players are assigned to two stakeholder teams (coalitions) with each team in general agreement among their perspectives on water management. The participants involved in game playing are Dutch water managers and/or academics and takes between two and four hours to play with both problem solving (i.e., minimising negative impacts) and relational aspects (e.g., interaction with other players, consensus building) present in the game. The goal of the game is to manage their river in a sustainable way, which is evaluated via impacts on flooding, drought, nature development and shipping objectives over a period of 10 to 20 years. These objectives are often in conflict with each other, i.e., in attempting to achieve one objective, another objective has to be sacrificed, which requires a conflict resolution approach. The players have a number of common interventions at their disposal ranging from infrastructure enhancements (e.g., dyke broadening, dyke elevation, and river widening), through organisational interventions (e.g., upstream cooperation to reduce peak flows) to flood adaptation (e.g., the flood alarm system enhancements and flood resistant building). The impacts are evaluated using an integrated assessment meta-model based on simple cause-effect relations and response curves [28] considering future climate change and socio-economic development scenarios for the area. The results seem to be presented to the teams by the facilitators. Valkering et al. [26] conclude that based on the analysis of results, it is possible to identify opportunities, no-regret strategies, dead ends and timing of strategy, all of which can be used by policy makers to develop water management roadmaps into the future. It is also interesting to note that the developers introduced an element of surprise into the game by providing newspaper headlines (portraying generally unforeseen yet plausible contextual events) and unpredictable occurrence of extremely high or low flows. Van der Wal et al. [27] report that a total of 12 game sessions have been successfully completed.
Stefanska et al. [29] present a similar game for river floodplain management, which is based on the river Tisza reaches, in Hungary. The main differences between this and the game by Valkering et al. [26] are: (i) that there are different roles played by participants (e.g., farmers, local authorities and water authorities) with different spatial influence (of their decisions) and often conflicting objectives (e.g., protection of biodiversity, maximisation of profit and economic efficiency) requiring a conflict resolution strategy; (ii) that in addition to facilitators, there are observers associated with each team of players; and (iii) both a physical game board (showing the river and land parcels at different elevations, which are assigned various types of farming activities, e.g., crop cultivation, animal husbandry, orchard, etc.) and a simple stylised model defining critical relationships and processes are used. The game is played over 6-12 periods (referred to in the game as "years"), in which players test their strategies for their short-term and long-term consequences. The participants involved in game playing ranged from students and academics, through water managers local authorities, to NGOs and professionals. Stefanska et al. [29] report that a total of eight game sessions have been completed in four countries. They conclude that in nearly all the games examined, players failed to organise the process that would allow all actors to express their needs and objectives so that other players would recognise and accommodate them in a common management policy. The authors argue that the failure to take part in a successful problem-solving process is not surprising given the complexity of the problem and limited time for playing the game.
Seibert and Vis [30] present a web-based multi-player game Irrigania, which aims to represent water conflicts among farmers in a simplified way. The game is education-oriented and targeted at class teaching. The game involves a number of villages with farms and farm owners cultivating 10 fields. The players take on the role of individual farmers. The goal for each farmer is to generate the largest net income by choosing the type of irrigation for their fields, i.e., rainfed, river or groundwater irrigation. A simple numerical model is used to calculate the level of resources and income after each round (year) of play. Each game is played over 15 rounds. A simple (numerical) user interface is available, which accesses the database where results for the current year status for the villages and individual farmers can be retrieved and viewed. The authors show how several variants of the game can be played in class by allowing or restricting cooperation among players (students know/don't know who the other farmers in the village are) and sharing complete or incomplete information (students know/don't know the cost and profit system). The authors conclude that despite its simplicity, the game allows interesting patterns to evolve when played in the class.
An interactive learning environment (ILE), WATERSTORY [31] is an example of a digital multi-player game used to provide various stakeholders with opportunities to explore water supply and demand management options on Maui Island. During the game, stakeholders from different fields, including water professionals, experts, businesses, agriculture workers, large landowners, conservation groups, instream flow advocates and the County of Maui, discuss and implement various policy options to analyse their economic, social and environmental impacts across sectors. The System Dynamics model, which uses precipitation as the main inflow for both the surface water and groundwater stocks, is developed to provide information on performance of implemented policies and help resolve any potential conflicts. An interesting feature of the ILE is that it allows players to analyse relationships built into the model and thus increase their understanding of the complex system. This approach is fully compatible with SVP, as it combines traditional water resources planning methodologies (a System Dynamics model) with structured public participation and the use of collaborative modelling (e.g., analysis of relationships built into the model), resulting in a more complete understanding and an integrative decision support tool [13] . The ILE provides two options: simple and advanced simulation modes, which proved useful in addressing audiences with different levels of technical expertise. The authors believe that the ILE succeeded in providing a cohesive and stimulating environment in which local stakeholders and the community could explore options and possibly achieve a consensus on current water issues by testing and evaluating the impacts of proposed policies and regulations [31] .
Rijcken et al. [32] present a concept design of SimDelta, a framework for an Internet-based interactive simulation model to support decision making for the Dutch Delta Programme [33] . The focus is on the Rhine-Meuse river delta and policy making for flood protection and fresh water supply. The framework involves the development and use of online interactive maps and elements of Serious Gaming to provide Delta Programme stakeholders with insight into the interaction between scenarios, problems and solutions. The authors indicate that a new Delta Model is being developed, with the aim of streamlining existing technical models, connecting different regional models, nesting models of various scales, developing new parts and setting up a data validation procedure. Furthermore, the idea is to use the Internet to more frequently and efficiently present conceptual designs by experts (architects and engineers) to the stakeholders, record their preferences and "crowdsource" corrections, improvements and ideas. All of these elements are clearly aligned with the SVP principles of modelling, structured public participation and more complete understanding of a complex water resources problem. A Serious Game is just an element of a much more complex system being developed. Although the authors state that SimDelta has seven out of nine characteristics of Serious Games, in its present state [32, 33] it does not allow various users to interact with each other and there is no indication of the game being actually played and the outcomes of those exercises.
Hill et al. [34] present another collaborative decision-making game aimed at supporting drought preparedness. The Invitational Drought Tournament (IDT) game is played on one of the two river basins that are based on real-world data, but are presented as fictitious in the game to reduce sensitivities. The game is played over the course of a day and has been tested with a number of different participants, ranging from graduate students to water managers and water stakeholders. The game consists of three to four rounds, each representing a drought scenario via climate data (e.g., streamflow, snowpack, precipitation, temperature and water demand), as well as social, economic and environmental impacts. The participants have a number of management options to develop a management plan that is presented to the other teams and referees, who vote for the plan that best reduces environmental, economic and social drought impacts on the river basin. Over time the tournament has evolved to use more objective scoring methods as Wang and Davies [35] report on the System Dynamics model specifically developed for the IDT game to allow easier scoring. The authors indicate that the IDT framework and model helped participants to: (1) understand better complex water resources systems and the trade-offs among conflicting objectives that result from policy choices; (2) improve their understanding of other stakeholders' positions; and (3) interact with one another, prioritise management options and potentially build consensus [35] .
A similar approach was also adopted by Rusca et al. [36] in their Ravilla simulation game, whose main aim was to encourage learning about water management on the case study of the fictitious Ra Basin. The game is played by UNESCO-IHE students and consists of four phases: (1) situation analysis (data presented to participants); (2) management option selection; (3) simulation model application; and (4) analysis of results and the preparation for the consecutive rounds of the game. Interestingly, the authors also posit a suggestion about the use of computers in the game that is not shared by other water management and game proponents. They state that, although the computer-based model plays an important role in translating decisions by the players to consequences, the model should not become the focal point of the game and the use of the computer should be limited to a minimum [36] . Therefore, in the Ravilla game, the use of the computer to run the model is limited to the facilitator.
The above references show that Serious Games have been applied to the water sector, demonstrating that they are valuable tools for making various stakeholders aware of the socio-techno-economic issues related to managing complex water systems. The increasing number of references appearing in the last five years also indicates that Serious Games are something water researchers and practitioners are becoming aware of and are starting to embrace. Although the number of potential SG applications that can be included in the survey is large, we have limited ourselves to the references that have appeared in scientific/professional literature and provide enough detail for further analysis. In the following section, a set of classification criteria is presented to better characterise the type and main features of the reviewed games and provide a structure for the critical analysis of SG applications. Although not all classification information was available in the each of the selected references, the main criteria are clearly distinguishable.
Toward Classification of Serious Games for Water Applications
Based on the selected literature analysis, the following are the main criteria for the classification of Serious Games for the water sector applications:
"Application area" is the water system domain to which a game can be applied. A number of application domains can be identified but, broadly, two can be distinguished: (1) river basin management; and (2) urban water management. By far, most Serious Game applications are devoted to river basin (or parts of it) management, including integrated water resource management, irrigation, flooding, droughts and/or transboundary issues with or without climate change and socio-economic development scenarios being considered [10, 24, [29] [30] [31] [34] [35] [36] . On the other hand, urban water management is not a domain studied in many games, which may be an opportunity for further development [21] , e.g., introducing better representation of the water cycle, involving policy decisions on the balance between green and grey infrastructure, the impact of urban creep on flood risk in urban areas, water resource management in cities of the future, to name but a few.
"Goal of the game" is the primary aim or outcome of the game. Quite a few of the games reviewed do not have a specific goal to achieve, but aim for the players to develop knowledge and skills, raise awareness of complex issues in water management and develop a collaborative atmosphere for various stakeholders to participate in the decision making process and develop a shared vision of the problem being considered [23, 24, 31, 36] . However, some games like Irrigania [30] have a specific goal, e.g., for each player (farmer) to generate the largest net income, or in the Invitational Drought Tournament, where goals are set by an expert technical committee, to come as close as possible to the management goals [34] .
"Initialisation of the game" is related to how the game starts and how the players are introduced to the problem at hand. Some games do not require any facilitators, as from the start the players are learning by playing, e.g., SimCity™. However, a majority of complex games require facilitation at the beginning or throughout the entire process [24, 26, 27, [29] [30] [31] 34, 36] , while some of them require elaborate introductory workshops to explain the problem [25] . The progress of the game can be influenced by the workshops and the involvement of facilitators, who can engage simply by running the models used to assess a solution proposed by players [36] , or even act as "referees", who can answer questions about management strategies or game rules and assist with scoring at the end of the game [34] .
"Number and type of players" is the number of stakeholders playing the game. Multi-player games are more common, which is understandable considering the application area usually involves a river basin or parts of it where a number of stakeholders exist. This also means that players can take a different role to play and are usually collocated while required to cooperate or compete to achieve the goal(s) of the game [23, 30, 31, 36] . Facilitators can also be involved in the game by providing technical support or another player's perspective, e.g., the citizen perspective is played by a project-team member in [26] . Single player games are less common [21, 24] , although many of the multi-player games can be and are easily played in a single-player mode by the players agreeing on the course of action and implementing it. As for the type of players involved, Serious Games could be aimed at a number of stakeholders from different fields, depending on the problem and the aim of the game. These stakeholders may include water professionals, experts, businesses, agriculture workers, large landowners, conservation groups, instream flow advocates, undergraduate or postgraduate students and academics.
"User interface" is the interface used in the game. Games can be board-based, computer-based or can use a combination of a physical board and a simulation tool with an appropriate Graphical User Interface, e.g., Stefanska et al. [29] . Entirely board-based games are rare nowadays as increasingly computer simulation plays a significant role in serious games for water applications. However, the majority of the games analysed here use simulation tools with facilitators, who are required to present the results of the decisions, to help guide participants in understanding the simulation tool outputs and the game objectives, or to judge the outcome of the game [23, 24, 31] . Some of the interfaces are basic, providing only numerical/tabular output to the players [27, 30] , whilst some provide a slider/selection buttons for input/actions, and/or behaviour-over-time graphs to compare performance against a benchmark [31, 34, 35] . A Geographic Information System representation of the space or simplified spatial maps, has also been proposed [10] . It is interesting to note that very few game interfaces take advantage of sophisticated 3D video technology readily available in the videos game industry [24] .
"Simulation model used" is a technical tool used to assess and present players with consequences/outcomes of their decisions. The types of tools used for simulation vary markedly from game to game. Some of them rely on Cellular Automata-like rules to represent the dynamics of the game, while the water system is represented as a set of simple functional relationships [21, 28, 30] . At the other end of the complexity spectrum, some games use off-the-shelf professional simulation tools, such as the water allocation model MIKE HYDRO Basin [23] , to provide outputs and inform the players about the consequences of their decisions [24] or a number of individual models linked together into the Delta Model [10] . Other research-type tools (e.g., hydrodynamic simulation or System Dynamics models) can also be used [25, 29, 31, 35] . This often requires that facilitators record the decisions by the players, input them into the model and feedback the results [26] . The development of the model offers the opportunity for shared-vision modelling and even further, the opportunity for stakeholders to contribute to the model-building process [31] .
"Realism of the game" is the level of simplification of the socio-technical-environmental system is included. Most games are implemented as a simplification of reality to avoid real-life sensitivities or to make it easier to understand the complexity of the system being analysed, whilst still representing some real world issues [25, 26, 29, 30, [34] [35] [36] . Some of the games allow the user to influence the level of simplification [31] .
"Performance feedback" is related to the capability to provide continuous feedback on the player's performance in the game. This can be instant [30] or may require an intermediary/facilitator to perform evaluation and provide feedback [24, 26, 29, 36] .
"Progress monitoring" is the capability of saving intermediate game results for follow up analysis. This is not often addressed by the developers of Serious Games for water system problems. However, this feature can be crucial in assessing the performance and knowledge acquisition of the players.
"Game portability" relates to whether the game is played on-line or off-line and whether it can be played outside the controlled/supervised environment. Off-line games are more common as they do not require complex server handling or the need to accommodate several players playing the same game [24, 25, 29, 31, 34, 35] . Irrigania [30] is one of the few games that are available on-line and can be accessed by anybody who registers with the website provided by the authors. The SimDelta model is also envisaged to be used on-line [10] .
The analysis of selected literature shows that, by far, the majority of game applications in the water sector deal with river basin management, allowing complex problems to be analysed in a protected and controlled game environment. Most of the game applications are highly simplified and address conflict resolution among large numbers of stakeholders, but require facilitation by technical experts. The user interfaces are often rudimentary (e.g., behaviour-over-time graphs) providing only limited feedback to the players and do not take advantage of the sophisticated 3D visualisation technology readily available in the video games industry. None of the games analysed indicate whether intermediate steps performed by the players are saved for the analysis of problem-solving strategies. Finally, none of the above games are aimed at the technical design of water infrastructure. The following section describes an attempt to address some of the apparent omissions in the games for the water sector by developing a game for water distribution system analysis, design and evaluation.
A Serious Game for WDS Analysis, Design & Evaluation: SeGWADE
Drinking Water Distribution Systems (WDS) are designed to deliver water from a source to users in the required quantity, quality and at satisfactory pressure. WDS are complex, spatially organised systems consisting of numerous interconnected assets (e.g., pipes, valves, pumps, reservoirs), which are arranged in nontrivial configurations and interact in complex ways due to the non-linear nature of water flow governing equations [37] . Due to the complexity of WDS design and operational issues, advanced computation and instrumentation tools are needed to improve a water manager's ability to effectively manage distribution systems. These computational advancements include the development of modelling tools that can simulate the hydraulic behaviour of WDS, such as EPANET [38] . While simulation allows trial-and-error approaches to be used in finding a preferred design or operational interventions, optimization can provide an automated way of finding efficient solutions to a particular WDS problem. For example, the topological design and layout of a WDS can be optimized with a view to minimizing the cost of a layout [39] whilst meeting some minimum design constraint, such as the provision of sufficient pressure at each demand node. The SeGWADE (Serious Game for WDS Analysis, Design and Evaluation) game explores the use of simulation in the context of solving a WDS problem and is described using the aforementioned classification criteria.
Application area: The game deals with the rehabilitation of an existing WDS by the optional installation of duplicate pipes in order to alleviate a pressure deficiency.
Goal of the game: The game has a specific goal, which is for the player to find a solution that minimizes the cost of duplicated pipes and satisfy the minimum pressure criterion. The lower is the cost of the solution, the better it is.
Number and type of players: This is a single-player game, although multiple players can play it at the same time. Apart from the elements of gamification (e.g., a leader board), the players do not need to communicate with each other in order to reach a solution. The game is initially aimed at postgraduate-level engineering students.
User interface: The user interface is accessed via the web-browser and is thus compatible with a variety of platforms (e.g., Windows, Linux, iOS and Android). It takes advantage of sophisticated video technology to allow animation, fully interactive manipulation and aesthetically pleasing immersive 3D visualisation (Figures 1 and 2) . Users having access to WebGL [40] capabilities can switch between a medium and a high graphic detail mode which is better able to scale in size for rendering large networks. In order to accommodate the gamut of hardware capability that might be experienced on diverse target platforms, the graphic rendering is designed to fall-back to HTML5 Canvas [41] technology in the event that WebGL rendering is unavailable.
Simulation model used: The game uses a hydraulic simulation engine based on EPANET [38] , with the added ability to simulate pressure dependent demands [42] . Adopting a pressure-driven model allows more meaningful results to be shown to the user in the event of a pressure-deficient solution being proposed.
Realism of the game: As with all other games, a level of simplification is necessary to study WDS. In this particular example, the case study involves network rehabilitation considering only duplication of individual pipes. However, it is possible using the developed game to manipulate pumps, valves and other system components in a similar fashion. Similarly, the game engine allows other type of WDS problems to be analysed, such as water quality issues [43] , pump operations [44] , leakage [45, 46] and calibration [47] , according to the needs of the game.
Performance feedback: The game is designed to provide continuous and instant feedback on the player's performance in the game. When the user changes one or a number of elements and is happy with the configuration of the network then a "Compute New Results" button ( Figure 2 ) is engaged.
This runs the modified configuration on the server-side hydraulic solver, returns the simulation results and saves that solution under the game history in the game database.
Progress monitoring: The game engine saves all the intermediate game results (for each "Compute New Results" action) in the game database for the follow up analysis. This feature is crucial in assessing the performance toward the best solution and knowledge acquisition and skills of the players.
Game portability: The game is played on-line, but it can also be installed on an individual computer to be played outside the controlled/supervised environment. Game portability: The game is played on-line, but it can also be installed on an individual computer to be played outside the controlled/supervised environment. 
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Problem Description and Formulation
The "New York Tunnels" problem, which was introduced by Schaake and Lai [48] as an illustration of a large-scale optimization problem for the reinforcement of the water supply for New York City, is used as a case study. The tunnels/pipes are of large diameter, ranging from 60 inches Game portability: The game is played on-line, but it can also be installed on an individual computer to be played outside the controlled/supervised environment. 
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Case Study
Problem Description and Formulation
The "New York Tunnels" problem, which was introduced by Schaake and Lai [48] as an illustration of a large-scale optimization problem for the reinforcement of the water supply for New York City, is used as a case study. The tunnels/pipes are of large diameter, ranging from 60 inches (1.5 m) to 204 inches (5.2 m) . The game starts with the network that is pressure deficient in five nodes (red/orange coloured nodes in Figure 1) . In order to solve this problem, each of the 21 pipes in the network can be duplicated with one of 15 commercially available pipe diameters or left as it is (i.e., no new pipe, which is a possible option 16). Despite the apparent simplicity of the problem, this gives a solution space of 16 21 = 1.93 × 10 25 possible network designs, which is far too many to be checked exhaustively for insufficient pressure, despite the advances of computer power since 1969.
Despite larger networks being used in recent literature, this system has become a favourite benchmark for WDS optimization applications. From the original solution in Schaake and Lai [48] of $78.1M, the best known solution for the problem has been advanced by, among others, Morgan and Goulter [49] (1985-$39.23M) and Simpson et al. [39] (1993-$38.81M). Savic and Walters [50] used the problem to illustrate the sensitivity of such optimization problems to small changes in the coefficients used in calculating the frictional losses observed in the system, demonstrating solutions ranging from $37.14M to $40.45M. The best-known feasible solution (using the latest EPANET software version) of $38.64M was obtained using the Ant Colony Simulation approach of Maier et al. [51] .
The optimization problem is formulated as:
Subject to:
where C inf is the total cost to be minimized, N l is the number of pipes in the system for which duplication is an option, C(D j , L j ) is the cost (in US dollars) of the jth pipe duplicated with diameter D j (in inches-chosen from a discrete set of available diameters, D) and length L j (in feet). H i is the pressure head at node i (as computed by the hydraulic solver), H i,min is the minimum pressure head requirement sufficient to fully satisfy the demand at node i and N n is the number of nodes in the network. N d is the number of decision variables in the optimization. The WDS consists of two loops and two branches supplied by gravity from a single, fixed-head reservoir. At the start of the game, nodes 16, 17, 18, 19 and 20 fall below the required minimum pressures (shown in red/orange colours relative to the extent of deficiency in Figure 1 ). The figure illustrates how the network is rendered during the game, with the blue (dark) coloured pipes representing the existing topology of the network with the relative diameters of the pipes clearly visible. The curved pipes represent the duplicate pipes that may be optionally installed in parallel to each of the existing pipes. When no pipe diameter is selected (using the selection wheel in Figure 2 ) for one of these pipes it is rendered in red and is considered closed in the hydraulic model, whereas green pipes represent open, duplicated pipes. The node representations are colour coded to visually highlight whether they are pressure deficient or not. Nodes shown in green have sufficient pressure, whereas those shaded orange to red are those exhibiting increasing levels of pressure deficiency.
Criteria for Game Evaluation
An obvious way of evaluating the success of the SeGWADE game is to assess how closely players can get to the best solutions found by competent optimization algorithms. Therefore, the first measurable indicator would be how close a player can get to the best solution reported in the literature, i.e., $38.64M. Although the additional criteria for judging the success of the game, which include a measure of engagement and the level of knowledge gained by the players throughout the game, could be argued to be even more important, they are, equally, more difficult to measure. In our particular example, the engagement is judged by the number of solutions a player has attempted in the game. Although this is a clearly measurable indicator and it can indicate that well-engaged players get closer to the best solutions found, it has its own disadvantages, as some players could achieve a good solution in a small number of attempts. In addition to achieving a good solution, which provides an indication of knowledge gained in the game, the measure of how much the players have learned will be assessed qualitatively using the knowledge of the decisions (pipe diameters) implemented in the optimized solution [51] .
Results
The game was played by a class of 20 MSc students at UNESCO-IHE (Delft, The Netherlands) during one continuous session in June 2016 Figure 3 shows the number of changes made by each of the players and the highest scores they achieved in comparison to the best solution found in the literature ($38.64M-the horizontal dotted red line-note the inverse order axes for the WDS costs). It can be seen that engagement was good, with the majority of students attempting over 100 evaluations of the system and half of them making over 200 changes. From the number of changes attempted within a 4-h long exercise, it is clear that the game maintained the interest of the players. It is also interesting to note that 15 out of 20 players found a solution that was better than $45M. Only two players have not managed to find a feasible solution to the problem (#1 and #13), i.e., a solution that satisfies all minimum pressure requirements. have learned will be assessed qualitatively using the knowledge of the decisions (pipe diameters) implemented in the optimized solution [51] .
The game was played by a class of 20 MSc students at UNESCO-IHE (Delft, The Netherlands) during one continuous session in June 2016 Figure 3 shows the number of changes made by each of the players and the highest scores they achieved in comparison to the best solution found in the literature ($38.64M-the horizontal dotted red line-note the inverse order axes for the WDS costs). It can be seen that engagement was good, with the majority of students attempting over 100 evaluations of the system and half of them making over 200 changes. From the number of changes attempted within a 4-h long exercise, it is clear that the game maintained the interest of the players. It is also interesting to note that 15 out of 20 players found a solution that was better than $45M. Only two players have not managed to find a feasible solution to the problem (#1 and #13), i.e., a solution that satisfies all minimum pressure requirements. Figure 4 shows the dynamic performance of the players as the game progressed in terms of their proximity to the best known solution cost of $38.64M. The three colour lines in this figure represent the three highest scoring players in the game (#10, #15 and #19), while the grey lines represent other 17 participants. The majority of players converged upon solutions under $70M after making few attempts (i.e., all achieved this in under 50 moves) with most eventually going on to identify solutions better than $45M. Initially, the players opted to start from the most expensive ($290M) and fully compliant solution with all of the duplicate pipes installed, which is indicated by the progress lines Figure 4 shows the dynamic performance of the players as the game progressed in terms of their proximity to the best known solution cost of $38.64M. The three colour lines in this figure represent the three highest scoring players in the game (#10, #15 and #19), while the grey lines represent other 17 participants. The majority of players converged upon solutions under $70M after making few attempts (i.e., all achieved this in under 50 moves) with most eventually going on to identify solutions better than $45M. Initially, the players opted to start from the most expensive ($290M) and fully compliant solution with all of the duplicate pipes installed, which is indicated by the progress lines touching the bottom of the graph in early attempts. However, it is clear that the players quickly identified that the optimal solution lay closer to the other extent of the problem (i.e., with none of the pipes duplicated) and proceeded to investigate the problem from that starting point. This is evident in the number of solutions oscillating around the best solution ($38.6M), which requires only six pipes to be duplicated. 
Conclusions and Future Directions
This paper provides a number of novel research contributions, namely: (i) a critical analysis of representative SG applications to various water resources analysis and management problems (e.g., flooding, droughts, irrigation, drinking water supply, hydropower, and navigation); (ii) a classification of SG applications in these water management areas, which provides an insight into past research applications and points to future challenges for the research community; and (iii) a new application of SG in water distribution analysis, which is a major area of research and illustrates the complexity of the design/rehab problem for a water distribution system. The Serious Game application presented in the paper also illustrates how a visually-rich hydroinformatics application with an intuitive user interface can help even non-experts (students, in this case) approach a solution to the problem only previously achieved by experts employing sophisticated optimisation tools. Each of these contributions is addressed individually in the following.
The paper reviews the application of Serious Game technology in the water sectors and identifies a number of avenues for improvement. Most game applications in the water sector are primarily educational and deal mostly with river basin management issues (integrated water management), allowing complex problems to be analysed without a specific goal/outcome being identified. The level of simplification in the games is quite high with the aim of informing stakeholders of the complexity of the problem, allowing stakeholders to find ways to resolve conflicts and collaborate in assessing consequences of various policies under the eye of a facilitator (often technical experts). Despite the indication that attention is paid to user interfaces, their visual appeal and functionality, they are basic, e.g., providing behaviour-over-time graphs, whilst not taking advantage of sophisticated 3D visualisation technology readily available in the video games industry. There is also a need to have access to stored intermediate steps performed by the players during the game to allow analysis of problem-solving strategies. Finally, none of the above reviewed games are aimed at the technical design of water infrastructure, which is often one of the key tasks in water engineering practice.
A conceptually simple, but computationally elaborate game for water distribution system analysis, design and evaluation is presented in this paper. It has a main goal of finding a least-cost design for a well-known benchmark problem, for which the game environment takes the 
A conceptually simple, but computationally elaborate game for water distribution system analysis, design and evaluation is presented in this paper. It has a main goal of finding a least-cost design for a well-known benchmark problem, for which the game environment takes the computational and visualisation burden away from the simulation tool and the player. The game deals with a clearly technical problem, which is a simpler issue to deal with than, for example, river basin management problems where socio-techno-economic complexities dominate. However, the problem is technically complex and require a great deal of expertise and skills to solve. The game engine and user interface are based on the open-source principles (the code is hosted on GITHub [52] ) and provide animation, fully interactive manipulation, aesthetically pleasing immersive 3D visualisation and a database facility to record player performance during the game. This application is new and provides a new, active and personalised way of solving water engineering problems within an immersive and motivating environment capable of providing immediate feedback. Through applications of SG such as this, decision makers can learn about the complexity of the water distribution system design problem, experiment safely using a computer model of a real system, understand conflicting objectives (i.e., minimization of cost and satisfaction of minimum pressure) and develop strategies for coping with complexity without being burdened by the limitations of the ICT technology at their disposal.
The game has an obvious limitation in that it addresses only one of the possible plethora of WDSA problems, i.e., the design of a system. However, it is easily extensible and scalable to involve other WDSA design and operational problems, e.g., water quality issues, pump operations, leakage management and model calibration, and larger networks. Another limitation is that the game is currently only available as a single-player version, which cannot represent fairly various stakeholder aspects, such as for example, the views of a leakage manager vs. that of an asset manager. A multi-player version of the game is currently being developed to address this limitation. It is envisaged that further development could involve multiple objectives and will be undertaken by teams who will be competing in their own right and simultaneously collaborating within teams by allocating different roles to the players on each team such that they represent different stakeholders and have different priorities in terms of the objectives and how they might be achieved.
The SeGWADE game has been evaluated in a classroom environment in which a high degree of player engagement with the game was observed, due to its basic game ingredients and activities, i.e., challenge, play and fun. In addition, a clear improvement in learning has been observed in how players attempted to identify solutions that satisfy the pressure criterion with players readily identifying the proximity of the better solutions to the starting, infeasible configuration.
However, despite the strong belief in the potential of Serious Gaming for the water sector demonstrated by the number of publications in this area appearing over the last five years, there are obvious limitations for their application to solving real water related problems. Apart from the obvious, that they represent a simplified reality of the real world, the use of Serious Games can often be hindered by practical constraints, such as hardware availability and the fact that they may exclude people not used to computing and computers.
Further work can be done to militate against these limitations and to get this particular and other Serious Games developed for the water sector ported to mobile devices as the potential to reach wider audience is much larger due to ubiquitous nature of mobile phones and tablets. Serious Gaming for the water sector is yet to benefit from Virtual Reality and Augmented Reality advancements. They are both new, cutting edge technologies, where Virtual Reality is a computer-generated simulation of a real-life situation or environment (typically achieved by wearing a 3D headset), while Augmented Reality involves layering of computer-generated enhancements atop an existing environment or situation in order to make it more meaningful through interaction. Both have a great potential for serious gaming applications as water systems are complex and large, and do not allow experimentation with a prototype, but only a virtual (computer) representation of it.
